Echocardiographic and cardiac catheterization results were compared in 21 patients with tetralogy of Fallot. All patients had previously undergone total repair, and all except one were greater than one year post-surgery. Twenty of these patients were placed into one of three groups based upon the degree of residual abnormalities present at cardiac catheterization. Group I (n = 11) had no residual intracardiac shunting and had right ventricular (RV) peak systolic pressures less than 45 mm Hg. All had mild pulmonic insufficiency and pulmonary stenosis with no tricuspid insufficiency. Echocardiographically, all except one had a larger-than-normal RV diastolic dimension (RVDD) and all had a smaller-than-normal-to-normal left ventricular diastolic dimension (LVDD). The RVDD/LVDD ratio was less than 0.65 in all. All had normal left ventricular (LV) function by echocardiographic and angiographic methods. Group 2 (n = 6) had no residual shunting but did have significant elevation of the RV pressure, with the peak systolic pressure > 75 mm Hg in all patients. Pulmonary artery pressure was normal in all. In addition, all had mild pulmonic insufficiency with no tricuspid insufficiency. Echocardiographically, all had a large RVDD, with a smaller-than-normal-to-normal LVDD. The RVDD/LVDD was > 0.90 in all cases. The LV function was normal. Group 3 (n = 3) had either tricuspid insufficiency or severe pulmonic insufficiency. None had residual shunts. All had normal RV pressures. Echocardiographically, all had a large RVDD with a normal or smaller-than-normal LVDD and an RVDD/LVDD > 0.80. Additionally, all had classic paradoxical septal motion not found in either group 1 or group 2. The remaining patient, who was five months post-surgery, had at catheterization a large left-to-right shunt through a residual ventricular septal defect. The RV and pulmonary artery pressure was systemic. Echocardiographically, the LVDD and RVDD were large, and the patient had a very large left atrial dimension. The RVDD/LVDD was 0.88. The echocardiographic findings accurately reflected the degree of residual defects in the long-term postoperative patient with tetralogy of Fallot, making them extremely useful in the postoperative management and follow-up of such patients.
THE ECHOCARDIOGRAM has been widely used in the preoperative diagnosis and evaluation of those patients with tetralogy of Fallot,1 but it has not been fully utilized in their evaluation and management during the late postoperative period. As the number of such postoperative patients increases and their followup periods lengthen, effective follow-up care takes on more importance. The use of echocardiography in such patients for evaluation of the degree of residual defects present was investigated by correlation of the echocardiographic and cardiac catheterization findings. Specifically, we investigated the use of echocardiography in evaluation of the degree of residual right ventricular (RV) outflow tract obstruction, tricuspid and pulmonary valve insufficiency, residual left-to-right shunting and the status of the left ventricular (LV) function. We also describe echocardiographic findings common to all postoperative tetralogy of Fallot patients which do not imply physiologically significant residual defects.
Methods

Patient Population
Twenty-one patients were included in this study. All had undergone tetralogy of Fallot repair which in-volved patch closure of the ventricular septal defect, infundibular resection, and patch closure of the right ventriculotomy. The RV outflow tract patch was extended across the pulmonary valve annulus onto the main pulmonary artery in all patients. Patients who had total pulmonary atresia (and had corrective surgery, requiring placement of an external valved conduit) were excluded from this study. All patients were in normal sinus rhythm and all had right bundle branch block at the time of this study. Twenty patients were between one and six years post-surgery, with an average of 2.9 ± 1.9 years (SD). The remaining patient with a left-to-right shunt was five months post-surgery. Patient ages at the time of the study ranged from 20 months-18 years, with an average age of 7.1 ± 4.5 years (SD). Six patients had previously undergone systemic-to-pulmonary artery anastomoses which were taken down at the time of total correction. These anastomoses took the form of a Waterston shunt in one case (LS) and Blalock-Taussig anastomoses in the remaining five. The patients with previous shunt procedures are indicated in table 1.
Nineteen patients were asymptomatic at the time of the study and on no chronic medication. They were leading normal lives, with no exercise or dietary restrictions. Two children (DD and BM) showed evidence of moderate-to-severe congestive heart failure with marked cardiomegaly, tachypnea and hepatomegaly. Both were on digoxin.
Patient Examinations
Echocardiography was performed in the usual manner on the day before catheterization, with the patient in the supine position. Echocardiograms were ob-tained utilizing the EchoCardioVisor 01 Echocardiograph with a 4.5 MHz transducer interfaced with a Honeywell strip chart recorder. Right and left ventricular end-diastolic dimensions (RVDD and LVDD, respectively) were measured at the onset of the QRS. Left ventricular end-systolic dimensions (LVSDs) were measured at the closest point of aposition of the LV septal surface and the posterior endocardium. Left atrial dimension was measured at its maximal dimension and the aortic root size was measured at the onset of the QRS. The range of predicted normal values was based upon the work of Epstein et al.4 as modified by experience in our own laboratory. Three indices of the LV function were used. These indices were the percent fractional shortening, pre-ejection period/ejection time ratio (PEP/ET) and the mean velocity of circumferential fiber shortening (mVcf) defined in the usual manner: Percent fractional shortening = (LVDD -LVSD)/ LVDD PEP/ET ratio = LV PEP/LVET mVcf = (LVDD -LVSD)/(LVDD X LVET). The LV PEP was measured from the onset of the QRS to the opening of the aortic valve, and the ET was measured from the opening of the aortic valve leaflets to their closure point with a recording paper speed of 100 mm/sec. Heart rate when the ET was determined was the same as the heart rate at the time the LV dimensions were obtained. Mean Vcf was corrected for heart rate in the manner of Fisher et al. 5 The range of normal values for the percent fractional shortening index was taken from the work of Gutgesell et al.6 as modified in our laboratory, and was 26-50%. The range of normality for the corrected mean Vcf was taken from the work of Fisher et al.5 A value < 0.65 for this index was felt to be indicative of poor LV function. Finally, the range of normality for the PEP/ET ratio was that used by Spitaels et al. 7 Any value < 0.413 for this index was considered normal.
Statistical analyses were performed using the t test and the Behrens-Fisher statistic. The t test was employed in all cases except for analysis of the comparison of the RVDD/LVDD data between groups 1 and 2. The Behrens-Fisher statistic was used in this instance as the variance of these two populations could not be assumed to be equal.
Cardiac catheterization and cineangiography were performed in each patient under meperidine, promethazine, and chloropromazine sedation. Intracardiac shunting was evaluated with the Fick method, indicator dilution dye curves, radionuclide angiography and cineangiography. All hemodynamic data were obtained before cineangiography. LV volumes and ejection fractions were calculated from the biplane cineangiograms by the method of Graham et al.8 LV volume could not be determined in five patients due to inadequate visualization of the LV cavity. The range of normal for the LV volumes and ejection fractions was the same as that developed by Graham et al.8 Numbers in parentheses are the percent of predicted normal for the individual patient's left ventricular volume and ejection fraction, based on the work of Graham et al. 6 *Previous systemic to pulmonary artery anastomosis.
Abbreviations: Pt = patient; BSA = body surface area; RVPSP = right ventricular peak systolic pressure; LVEDP = left ventricular end-diastolic pressure; LV Vol. = left ventricular end-diastolic volume; EF = left ventricular ejection fraction. 843 VOL 58, No 5, NOVEMBER 1978 ;  . . ., -.
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Echocardiographic sweep from the aortic root to the left ventricle. Notice the region inferior to the aortic root located between the two arrows. This region is representative of the ventricular septal defect patch. Inferior to the ventricular septal defect patch, the interventricular septum is still located clearly posterior to the anterior aortic wall. 
Results
Common to the echocardiographic picture in all patients was the presence of a larger-than-normal aortic root and the presence of a thick band of echoes joining the anterior aortic wall to the interventricular septum ( fig. 1 ). This band of echoes, representative of the ventricular septal defect patch, was noted to be quite thick compared with the thickness of the posterior wall in the region just inferior to the aortic root. When the position of the interventricular septum inferior to the ventricular septal defect patch was compared to the position of the aortic root, classic aortic septal overriding was shown to still exist. The RV anterior wall was not measured because of poor visualization of the epicardial surface. This was felt to be due to postoperative changes. Likewise, the pulmonary valve echoes were obtained only sporadically, probably as a Range of normal for each measurement indicated by numbers in parentheses.
*Previous systemic-to-pulmonary artery anastomosis.
Abbreviations: BSA = body surface area; RVDD = right ventricular end-diastolic dimension; LVDD = left ventricular end-diastolic dimension; LAD = left atrial dimension; Ao = aortic root diameter; mVef = mean velocity of circumferential fiber shortening; %FS = percent fractional shortening of the left ventricle; PEP = left ventricular pre-ejection period; LVET = left ventricular ejection time; Pt = patient.
consequence of the disruption of the pulmonary valve and the pulmonary valve annulus required at the time of surgery.
Group 1
These patients (n = 11) were found at cardiac catheterization to have no residual intracardiac shunting and a RV peak systolic pressure < 45 mm Hg. The main pulmonary artery peak systolic and mean pressures were normal in all these patients, and all had minimal-to-mild pulmonic insufficiency. The LV and RV end-diastolic pressures were normal (table 1). None had tricuspid insufficiency.
Echocardiographically, the patients in this group had normal or smaller-than-normal LVDDs as related to body surface area (table 2), reflecting the trend seen in the LV end-diastolic volumes. Left atrial dimension was smaller than normal in nine and normal in the remaining two. The interventricular septum demonstrated early systolic anterior motion followed by late systolic posterior motion, as has previously been reported9 (fig. 2 ). The mean Vcf and percent fractional shortening indices reflected good LV function as suggested by the patient's clinical course, LV enddiastolic pressures, and angiographic ejection fractions. The PEP/ET ratio reflected good function in most patients; however, one patient (JG) did exhibit a ratio outside the range of normal.
One patient had a normal RVDD, while the other 10 had larger-than-normal RVDDs (fig. 3A) . The RVDD/LVDD was < 0.65 in all patients ( fig. 3B ) and independent of body surface area.
Group 2
Of these patients (n = 6) none at catheterization had residual intracardiac shunting and all had normal pulmonary artery pressure. However, all had RV peak systolic pressures > 75 mm Hg and a peak systolic gradient between the main pulmonary artery and the body of the right ventricle > 45 mm Hg. Both BSA. Notice all patients in group 1 exhibit a ratio less than 0.65, and this is independent of BSA. A 11 patients in the other groups had ratios clearly in excess of the ratio present in group I patients.
LV end-diastolic pressures were normal. These patients also had only mild pulmonic insufficiency with no tricuspid insufficiency. Angiographically determined LV volumes, when they could be measured, were smaller than normal to normal (as in group 1), and ejection fractions were normal (table 1) . Echocardiographic examination ( fig. 4 ) again revealed LVDDs which were normal or smaller than normal for body surface area (table 2) and the left atrial dimensions were also normal or smaller than normal. Septal motion was the same as in group 1 patients. The mean Vcf and percent fractional shortening were normal for all patients in which they could be determined. The PEP/ET ratio was normal in two, abnormal in one, and could not be determined in three. All patients had extremely large RVDDs (fig.  3A ). The RVDD/LVDD was > 0.90 in all patients ( fig. 3B ). Patients in group 2 were easily separated from patients in group 1 using either the RVDD/LVDD or the RV dimension for body surface area; P < 0.001 in both cases. The RVDD/LVDD and the plot of RVDD vs body surface area were equally sensitive in separating patients in group 1 from those in group 2. However, since the RVDD/LVDD was independent of body surface area, it was easier to apply. We were able to show that all patients with RVDD/LVDD values > 0.65 had some significant residual anomaly. Group 3 Two of these patients (n = 3) had moderate-tosevere tricuspid insufficiency, and one had severe pulmonary insufficiency. One patient (DD) with severe tricuspid insufficiency was symptomatic. Again, none had any intracardiac shunting, and they had normal LV function when it could be evaluated by catheterization (table 1). Tricuspid insufficiency was assessed based upon angiographic picture, degree of right atrial enlargement, and, in the child with severe tricuspid insufficiency, elevation of the right atrial mean pressure with prominent atrial v wave. Severe pulmonic insufficiency was assessed by angiography and a wide pulmonary artery pulse pressure, with normal peak systolic pulmonary artery pressure. In all these patients the RV peak systolic pressure was < 40 mm Hg.
The LV dimensions were normal or less than normal in all. In contrast to the patients in groups 1 and 2, these patients exhibited classic paradoxical septal motion ( fig. 5 ). Al-l had markedly enlarged RV dimensions with RVDD/LVDD > 0.80. Because of the paradoxical ventricular septal motion, the only .. 
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VOL 58, No 5, NOVEMBER 1978 echocardiographic index of LV function which could be used was the PEP/ET ratio. It was normal in one patient, could not be determined in one, and was abnormal in the final patient. The patient in which it was abnormal was the patient who required digoxin and who had clinical symptomatology of congestive heart failure. The index accurately reflected the patient's clinical status, even though the LV ejection fraction as calculated at angiography was normal. Finally, the left atrial dimensions were larger than normal in two, but smaller than normal in one. Because of the small patient number, no inference could be drawn from the atrial dimension in this group of patients. The final patient, who underwent catheterization five months post-surgpry, was in severe congestive heart failure and, at catheterization, was found to have a large residual ventricular septal defect with a Qp/Qs ratio of 2.5: 1. The RV peak systolic pressure and main pulmonary artery systolic pressure were two-thirds that of the systemic pressure. There was no significant residual pulmonic stenosis and only mild residual pulmonic insufficiency. Both the RVDD and LVDD were elevated 20 mm Hg. Angiographically, there was no tricuspid insufficiency present and only mild pulmonic insufficiency. The LV end-diastolic volume was markedly enlarged with a depressed LV ejection fraction.
Echocardiographic examination revealed a larger than normal LVDD and RVDD together with a large left atrial dimension. The RVDD/LVDD ratio was 0.88. The interventricular septal motion was identical to that of patients in groups 1 and 2. However, this patient was easily distinguished from group 1 and group 2 patients by the large LVDD and large left atrial dimension that he possessed. The mean Vcf and percent fractional shortening were depressed, reflecting the catheterization findings. The PEP/ET ratio was normal. Discussion All patients included in this study, whether asymptomatic or symptomatic, possessed significant residual echocardiographic abnormalities. Even the echocardiograms of the group 1 patients, who had excellent surgical results, were markedly abnormal. Specifically, all patients possessed large aortic roots unchanged from the preoperative patient with tetralogy of Fallot, and all patients exhibited a thick band of echoes joining the septum to the anterior aortic wall as a consequence of ventricular septal defect patch placement. Thus, it is important to measure the ventricular septal thickness somewhat more inferiorly than usual4 so that the true width of the interventricular septum is estimated rather than the thickness of the interventricular septal defect patch.
Also common to all patients in this study was an abnormal septal motion. All, except group 3 patients, possessed early systolic anterior motion of the septum followed by a late systolic posterior motion. Group 3 patients who had volume overload of the right ventricle showed classic paradoxical septal motion. Except in group 3 patients, the abnormal septal motion did not preclude the usefulness of the most commonly used echocardiographic indices of the LV function; specifically, the percent fractional shortening and mean Vcf. These indices were found to reflect the status of the LV function as assessed clinically and at cardiac catheterization. The PEP/ET ratio for the most part reflected the state of LV function. However, there were three instances in which this ratio did not reflect LV function assessed clinically and at cardiac catheterization. There were two instances in which the ratio implied poor function inappropriately and one instance where it implied good function inappropriately. We do not know whether the failure of this index in these patients is due to the abnormal interventricular conduction. All patients appeared to have the same interventricular conduction delays as assessed by their peripheral ECGs. Of course, conduction differences may exist and not be apparent on the body surface ECG. Only in group 3 patients is the ratio important, due to the inability to apply other indices. We feel that the PEP/ET ratio is useful as long as one is aware of the potential for false negatives and false positives.
The LVDDs in all patients except the patient with large residual left-to-right shunt were normal or smaller than normal. This was supported by their LV end-diastolic volumes as calculated by angiography. Our findings differ somewhat from those of Jarmakani et al.,10 who found that the angiographically determined LV volume tended to be somewhat larger than normal in the postoperative tetralogy of Fallot patient. However, their study dealt with a wide range of patients, some of whom were in the early postoperative period and others who had residual leftto-right shunts. While the angiographically determined LV end-diastolic volumes as a group reflected the echocardiographically determined LVDD values, there were several instances in which these two measurements were divergent. We feel that these discrepancies are due to alterations in the LV geometry as a consequence of RV enlargement. The study of Weymann et al." supports this hypothesis. They noted that RV enlargement caused a flattening of the left ventricle during diastole, with posterior rotation of the interventricular septum. This distortion of normal LV geometry certainly influences the measurements of LV end-diastolic volume and dimension. Thus, depending on the degree and pattern of RV enlargement and on transducer angulation, one might expect poorer correlation between angiographically determined LV end-diastolic volumes and echocardiographically determined LVDDs in patients with significant RV enlargement than in patients without RV enlargement.
Twenty of 21 patients possessed larger-than-normal RV dimensions, suggesting the presence of continued RV enlargement. This is supported by the catheterization study of Graham et al.,"2 in which RV volumes were determined in postoperative tetralogy of Fallot patients. They showed that moderately enlarged 848 CI RCULATION RV volumes did exist in postoperative tetralogy of Fallot patients who had received patch repair of the RV outflow tract and who had some residual pulmonic psufficiency with low LV pressure. They also showed that when significant RV outflow tract obstruction was present the RV volumes were greatly enlarged. These findings correlate well with the data presented here when comparing the RV dimensions of the patients in group 1 versus the dimensions of those in group 2 (fig. 3A) .
Several of the patients included in this study had had previous systemic-to-pulmonary artery anastomosis for palliation of cyanosis before elective repair. All such patients had the shunt procedures removed at the time of complete repair. None of the parameters evaluated in this study correlated with the presence or absence of a previous shunt procedure.
In spite of the above abnormalities present on all tracings, the echocardiogram did allow separation of those patients with significant residual defects from those who received an excellent postoperative result. The ratio of the RVDD/LVDD was an extremely sensitive indicator in this regard. In all cases, when this ratio was > 0.80, significant residual abnormalities were present. No patient in this study who had received an excellent surgical result had a ratio > 0.65. Of those patients who had ratios in the abnormal range, their specific residual defect could be determined based upon LV dimension and interventricular septal motion. Those patients with significant residual pulmonic stenosis showed septal motion identical to that of the group with excellent surgical results, while those with volume overload of the right ventricle secondary to either tricuspid insufficiency or pulmonic insufficiency showed classic paradoxical septal motion. The one patient with the large residual left-to-right shunt showed septal motion which resembled the patients in group 1. However, he had large LV and left atrial dimensions.
In summary, the postoperative tetralogy of Fallot patients do show significantly different echocardiographic patterns from those found in normal patients. The echocardiogram is still useful in evaluation of residual defects. One can easily predict the presence of significant residual pulmonic stenosis, valvular insufficiency or left-to-right shunting. As the ECG and chest roentgenogram are often unrevealing, we feel routine use of the echocardiogram in assessment of postoperative tetralogy of Fallot patients is extremely important in the patient's continued medical management.
